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We investigate the role of partonic degrees of freedom in high multiplicity p-Pb collisions at√
sNN = 5.02 TeV carried out at the Large Hadron Collider (LHC) by studying the production and
collective flow of identified hadrons at intermediate pT via the coalescence of soft and hard partons
generated from viscous hydrodynamics (VISH2+1) and the energy loss model (LBT), respectively. We
find that combining the intermediate pT hadrons from the coalescence with the low pT hadrons
from hydrodynamics and high pT hadrons from the jet fragmentation, our Hydro-Coal-Frag model
provides a nice description of the measured pT -spectra and the differential elliptic flow v2(pT ) of
pions, kaons and protons over the pT range from 0 to 6 GeV. We further demonstrate the necessity of
including the quark coalescence contribution to reproduce the experimentally observed approximate
number of constituent quark scaling of hadron v2 at intermediate pT . Our results thus indicate the
importance of partonic degrees of freedom and also hint at the possible formation of quark-gluon
plasma in high multiplicity p+Pb collisions at the LHC.
1. Introduction. The search for the quark gluon plasma
(QGP) and studying its properties are the main goals
of relativistic heavy ion collisions during the past two
decades. Since early experiments on Au-Au collisions
at
√
sNN= 200 GeV at the Relativistic Heavy Ion Col-
lider (RHIC), many evidences have been accumulated for
the formation of QGP in these collisions. Among these
evidences, the strong collective flow, the number of con-
stituent quark (NCQ) scaling of elliptic flow (v2) and the
quenching of energetic jets are the three key ones [1–5].
Since a quantitative study of the hot medium effects
due to the produced QGP in relativistic heavy ion colli-
sions requires the understanding of the cold nuclear ef-
fects from the colliding nuclei, experiments have been car-
ried out at the LHC to study p-Pb collisions at
√
sNN=
5.02 TeV as the QGP is not expected to be formed in
these collisions. However, various striking features of
collectivity seen in Pb-Pb collisions have also been ob-
served in the high-multiplicity events of p-Pb collisions,
and these include the long-range “double ridge” struc-
tures in the two-particle correlations with a large pseudo-
rapidity gap [6–9], the changing signs of the 4-particle
cumulants [8–10] and the mass ordering of the v2 of iden-
tified hadrons [11, 12], etc. Similar phenomena have later
been seen in collisions of other small systems, such as p-
Au, d-Au and 3He-Au at RHIC [13, 14] and p-p and at
the LHC [15–18]. The origin of the observed collective be-
havior in small systems are still under strong debate [19–
22]. For the soft hadron data measured in the high-
multiplicity p-Pb collisions, studies using the hydrody-
namic model or the transport model based on final state
effects can quantitatively or semi-quantitatively describe
many of these flow-like signals for the QGP [23–35]. On
the other hand, the color glass condensate (CGC) [36–
42] and IP-Glasma models [43, 44] which focus on the
initial state effects can also explain many features of the
observed collectivity. As to the hard probes, the energy
lost by energetic partons can no longer leave obvious sig-
natures to discern if a QGP is formed or not due to its
limited size and lifetime. The relatively small nuclear
modification effects for large pT light and heavy flavor
hadrons and jets measured in p-Pb collisions at
√
sNN=
5.02 TeV are consistent with the expectations of cold
nuclear matter effects and very small hot medium ef-
fects [45–56].
Recently, the ATLAS, CMS and ALICE Collabora-
tions have measured the differential elliptic flow v2(pT ) of
all charged and identified hadrons with high precision in
the high multiplicity events of p-Pb collisions at
√
sNN=
5.02 TeV [57–59]. The resulting data show a similar ap-
proximately NCQ scaling of v2 at intermediate pT as ob-
served in traditional heavy ion collisions where the QGP
is formed. In the present study, we study the role of
partonic degrees of freedom in these collisions and show
that the observed approximate number of constituent
quark scaling of v2 at intermediate pT can be explained if
one includes the contribution to hadron production from
the coalescence of thermal partons in the produced QGP
and the hard partons from jets. Compared with previ-
ous studies focusing either on low pT [23–44] or high pT
hadrons [45–56], our investigation emphasizes the pro-
duction mechanism of hadrons at intermediate pT , which
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2demonstrates for the first time the importance of partonic
degrees of freedom and indicates the possible formation
of QGP in high multiplicity p+Pb collisions at the LHC.
2. Methodology. Our study is based on the quark coales-
cence model that includes thermal-thermal, thermal-hard
and hard-hard partons recombinations with thermal par-
tons generated from the VISH2+1 hydrodynamics [60] and
hard partons obtained from the energy loss model based
on the LBT approach [61–67]. For the present study, we
also develop a hybrid model, called Hydro-Coal-Frag,
that combines hydrodynamics at low pT , coalescence at
intermediate pT and fragmentation at high pT , to simul-
taneously describe the pT -spectra and differential elliptic
flows of pions, kaons and protons in high multiplicity
events of p-Pb collisions over the pT range from 0 to 6
GeV.
In the coalescence model for hadron production, the
momentum spectra of mesons and baryons are calculated
from the quark and antiquark phase-space distribution
functions fq,q¯(x,p) according to [68]:
dNM
d3PM
= gM
∫
d3x1d
3p1d
3x2d
3p2fq(x1,p1)fq¯(x2,p2)
×WM (y,k)δ(3)(PM − p1 − p2) , (1)
and
dNB
d3PB
= gB
∫
d3x1d
3p1d
3x2d
3p2d
3x3d
3p3fq1(x1,p1)
×fq2(x2,p2)fq3(x3,p3)WB(y1,k1;y2,k2)
×δ(3)(PB − p1 − p2 − p3), (2)
respectively. In the above, gM,B is the statistical factor
of forming colorless mesons or baryons of certain spins
from colored quarks and antiquarks of spin 1/2 with
gpi = gK =
1
36 and gN =
1
108 [69]. The function WM,B is
the smeared meson or baryon Winger function given by
its overlap integral with the Wigner functions of coalesc-
ing quarks. As in Ref. [68], we take the hadron internal
wave functions to be Gaussian and describe a quark of
momentum pi by a Gaussian wave packet centered at xi
and having the same width parameter as for the hadron.
The smeared Winger function in Eq.(1) for a meson in the
n-th excited state is then given by WM,n(y,k) =
vn
n! e
−v
with v = 12
(
y2
σ2M
+ k2σ2M
)
, where y and k are the relative
coordinates and momenta between the two constituent
quark and antiquark in the meson. For the smeared
Winger function of a baryon in the n1-th and n2-th ex-
cited states in the two relative coordinates, it is given
by WB,n1,n2(y1,k1;y2,k2) =
v
n1
1
n1!
e−v1 · v
n2
2
n2!
e−v2 , where
vi =
1
2
(
y2i
σ2Bi
+ k2iσB2i
)
with i = 1, 2, with yi and ki be-
ing the two relative coordinates and momenta among the
three constituent quarks in the baryon. The width pa-
rameters σM , σB1 and σB2 are determined by the radii
of formed hadrons [70]. Here, we include excited me-
son states up to n = 10 and excited baryon states up to
n1 + n2 = 10 in order to describe the measured spectra
of pions, kaons and protons at intermediate pT .
As briefly explained above, the phase-space distribu-
tions of quarks and antiquarks fq,q¯(x,p) are taken from
the VISH2+1 hydrodynamics [60] for the thermal or soft
partons and from the LBT energy loss model [61–67]
for the hard partons. The VISH2+1 hydrodynamics is
a 2+1-dimensional viscous hydrodynamic code that sim-
ulates the expansion of the QGP fireball on an event-
by-event basis. Following Refs. [71–74], we use the s95-
PCE [75, 76] equation of state (EoS) as the input and
start the hydrodynamic simulations with the TRENTo ini-
tial conditions [77, 78] at the proper time τ0 = 0.8 fm/c.
The specific shear viscosity η/s and bulk viscosity ζ/s
used in this model are tuned to fit the pT -spectra and dif-
ferential elliptic flow of pions, kaons and protons at low
pT < 2 GeV. The resulting value for the specific shear
viscosity is η/s = 0.03, and the specific bulk viscosity ζ/s
has a peak shape near T0 = 180 MeV [77, 79, 80] with
the overall normalization factor (ζ/s)norm = 0.4.
The thermal partons used for the coalescence calcula-
tions are generated from the hadronization hyper-surface
of the VISH2+1 hydrodynamics at Tc = 150 MeV [81]
by using the Cooper-Frye formula. The thermal masses
of quarks in the distribution functions at this temper-
ature are set to mu,d = 0.25 GeV and ms = 0.43
GeV, according to the calculations from the Nambu-
Jona-Lasinio model, the Dyson-Schwinger equations and
the functional renormalization group approach, etc. [82–
85]. Since the thermal mass of gluons is close to that
of quarks near the phase transition, we convert them
to quark and anti-quark pairs via gg → qq¯, with the
conversion ratio given by the abundance ratio of u, d
and s quarks with thermal masses [86, 87]. Note that
these thermal partons, together with the hard partons
described below, mainly contribute to the production of
hadrons at intermediate pT through the quark coales-
cence. For soft hadrons at low pT , they are still pro-
duced from the hadronization hyper-surface of the hydro-
dynamically expanding fluid using the standard Cooper-
Frye formula. To avoid double counting the thermal
contribution to soft hadron production, we only allow
thermal partons with transverse momenta above pT1 to
take part in the coalescence process, and only count ther-
mal mesons and baryons from the hydrodynamics with
transverse momentum below 2pT1 and 3pT1, respectively.
Here, pT1 is a tunable parameter in our model and will
be further explained below.
For the distributions of hard partons used in the coales-
cence calculations, we first generate the initial jet shower
partons from PYTHIA8 [88] by using the modified par-
ton distribution functions with cold nuclear effects as pa-
rameterized in Ref. [49]. These partons are then put into
the LBT model [61–66] to simulate their energy loss in
the evolving medium described by the VISH2+1 hydrody-
namics. More specifically, the LBT describes the elastic
3=5.02 TeV, 0-20%NNsp-Pb @ 
0 2 4 6
]
-
2 )c
dy
) [
(G
eV
/
Tp
Tpd
pi
/(2
N2 d
-710
-510
-310
-110
10
210
(a)
pi 
 K
 P
 Hydro-Coal-Frag
pi 
 K
 P
ALICE DATA
(GeV)
T
p0 2 4 6 8
Pr
ot
on
/p
io
n
0
0.2
0.4
0.6
0.8
Hydro-Coal-Frag.
DATA
piP/
(GeV)
T
p (GeV)
T
p
0 2 4 6
]
-
2 )c
dy
) [
(G
eV
/
Tp
Tpd
pi
/(2
N2 d
-710
-510
-310
-110
10
210
(b)
 
 
 
 
 
1× pi 
10
1× K 
100
1× P 
Hydro. Coal. Frag.
FIG. 1. (Color online) Left window: pT spectra of pions, kaons and protons in 0-20% p-Pb at
√
sNN = 5.02 TeV. The inset
panel shows the proton-to-pion ratio. Right window: contributions from hydrodynamically expanding QGP (solid lines), quark
coalescence (dashed lines) and jet fragmentation (dotted lines). The ALICE data is taken from [91].
and inelastic interactions of jet shower partons with ther-
mal partons in the hydrodynamically evolving medium
by solving the linear Boltzmann equations for quarks,
antiquarks and gluons. The only parameter in the LBT
is the strong coupling constant αs, which we set to be
αs = 0.15 as in Refs. [62, 64]. Here, we only focus on the
hard partons after the energy loss with pT > pT2, where
pT2 is another tunable parameter in our hybrid model.
Since the coalescence model is built on the lowest Fock
states in hadron wave functions, only quarks and anti-
quarks are considered [68]. Following Ref. [68], we let
hard gluons after the energy loss to decay isotropically
into qq¯ pairs with uu¯ and dd¯ pairs having equal decay
weight and the ratio of light to strange quarks given by
the phase space and the vector nature of gluons. Here,
the hard gluons are assumed to have virtuality uniformly
distributed between 2ms and mmax, where mmax is the
third tunable parameter in our model.
After the coalescence process that includes thermal-
thermal, thermal-hard and hard-hard parton recombi-
nations, the remnant hard partons not used in the co-
alescence process are grouped into strings, which then
fragment to hard hadrons using the “hadron standalone
mode” of PYTHIA8 [88] 1. Finally, all produced hadrons,
including low pT thermal hadrons from the the hadroniz-
1In principle, remnant thermal partons should propagate back to the
freeze-out surface to generate thermal hadrons. This is neglected
in our study for simplicity due to their very small number and thus
negligible contribution to thermal hadron production at interme-
diate pT compared to that generated by quark coalescence and jet
fragmentation processes.
ing QGP, intermediate pT hadrons from quark coales-
cence and hard hadrons from jet fragmentation are fed
into the Ultra-relativistic Quantum Molecular Dynam-
ics (UrQMD) model [89, 90] to simulate the subsequent
hadronic scatterings and the evolution of the hadronic
matter until kinetic freeze-out.
The above described hybrid model Hydro-Coal-Frag
that combines hydrodynamics at low pT , coalescence at
intermediate pT and fragmentation at high pT is the de-
fault model used in the present study of hadron pro-
duction in the high multiplicity events of p-Pb colli-
sions. To show the effect from quark coalescence, we also
carry out a comparison calculation that includes only low
pT hadrons from hydrodynamics and high pT hadrons
from jet fragmentation, which is denoted as Hydro-Frag.
Since the parameters in the VISH2+1 hydrodynamics and
the LBT have been previously fixed [62, 64, 74], the hy-
brid Hydro-Coal-Frag model only has three tunable pa-
rameters of the momentum cut-off pT1 for thermal par-
tons, the momentum cut-off pT2 for hard partons and
the maximum virtuality mmax of hard gluons as de-
scribed above. As shown later, using pT1 = 1.6 GeV,
pT2 = 2.6 GeV and mmax = 1.5 GeV gives a good de-
scription of measured pT -spectra of pions, kaons and pro-
tons as well as p/pi ratio around 2-4 GeV in high multi-
plicity p-Pb collisions at
√
sNN =5.02 TeV. With these
fixed parameters, we further calculate the differential el-
liptic flow and the related NCQ scaled v2 of identified
hadrons in these collisions. For the comparison calcu-
lation using Hydro-Frag, we generate thermal hadrons
with pT < 6 GeV from VISH2+1 and hard partons with
pT > pT2 = 2.6 GeV from the LBT model. It is inter-
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FIG. 2. (Color online) Differential elliptic flow v2(pT ) of pions, kaons and protons in 0-20% p-Pb at
√
sNN = 5.02 TeV measured
in experiments (left window) and calculated with the Hydro-Coal-Frag model (middle window) and the Hydro-Frag model
(right window). The ALICE, CMS and ATLAS data are taken from [11], [57] and [58], respectively.
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FIG. 3. (Color online) Similar to Fig. 2, but for the number of constituent quark scaled v2(pT ) of pions, kaons and protons in
0-20% p-Pb collisions at
√
sNN = 5.02 TeV.
esting to know that no matter how we tune the related
parameters in Hydro-Frag, it always fails to simultane-
ously describe the pT spectra and elliptic flows of iden-
tified hadrons in high multiplicity p-Pb collisions. This
will be further discussed below.
3. Results and discussions. The left window of Fig. 1
shows the pT -spectra of pions, kaons and protons in 0-
20% p-Pb collisions at
√
sNN = 5.02 TeV calculated from
the Hydro-Coal-Frag model for the pT range from 0 to
6 GeV. One can see that the Hydro-Coal-Frag model
nicely reproduces the pT -spectra from ALICE [91] as well
as the increasing and then decreasing behavior of the
resulting proton-to-pion ratio as shown in the inset of
left window. For hadrons of momenta below 2 GeV and
above 4-5 GeV are dominantly produced from the hy-
drodynamically expanding QGP and jet fragmentation,
respectively, as shown in the right window of Fig. 1. For
hadrons of intermediate pT between 2-4 GeV, they are
produced from both quark coalescence and jet fragmen-
tation. The three pT regions are seen to merge smoothly
to provide a nice description of the pT -spectra of pions,
kaons and protons from 0 to 6 GeV.
In Fig. 2, we show the differential elliptic flow v2(pT )
of pions, kaons and protons in 0-20% p-Pb collisions at√
sNN = 5.02 TeV from Hydro-Coal-Frag (middle win-
dow) and Hydro-Frag (right window) with and without
the coalescence contributions, respectively. For clarity,
the left window shows the experimental data [11, 57, 58]
without theoretical curves. Since the available v2(pT ) of
kaons and protons from ALICE [11] contains large un-
certainties for pT > 2 GeV, we also include the CMS
data for K0s and Λ in p-Pb collisions at
√
sNN =8.16
TeV. At low pT , the v2(pT ) of K
0
s and Λ almost overlap
with those of K and p from ALICE. Also, the v2(pT ) of
all charged hadrons from ATLAS almost overlaps with
that of pions from ALICE at low pT and with that of
kaons from CMS up to pT = 5 GeV. As pointed out
in Ref. [92], the crossing of meson v2 and baryon v2 at
around 2 GeV is an indication of the transition from
the hydrodynamic elliptic flow to the coalescence elliptic
5flow. As for the transverse momentum spectra of iden-
tified hadrons, the Hydro-Coal-Frag model that com-
bines contributions from the hydrodynamically expand-
ing fluid, quark coalescence and jet fragmentation at dif-
ferent pT ranges can nicely describe the measured v2(pT )
of pions, kaons and protons from 0 to 6 GeV. In partic-
ular, the mass ordering of v2(pT ) of identified hadrons
at low pT is well reproduced by the hydrodynamic part
in our calculations. For pT > 2.5 GeV, the v2(pT ) of
protons becomes larger than that of pions and kaons,
which can be explained by the quark coalescence con-
tributions. In contrast, Hydro-Frag without the quark
coalescence process (right window) fails to describe the
v2(pT ) of identified hadrons at 3 < pT < 6 GeV no mat-
ter what values are used for the related parameters as in
the case of their pT spectra in this pT region.
Figure 3 shows the NCQ scaled elliptic flow v2(pT )/n
(with n = 2 for mesons and n = 3 for baryons) in 0-20%
p-Pb collisions at
√
sNN = 5.02 TeV, measured in exper-
iments (left window), calculated with Hydro-Coal-Frag
(middle window) and Hydro-Frag (right window). We
again include the data from ALICE [11], CMS [57] and
ATLAS [58] as in Fig. 2. Although the ALICE data has
large uncertainties for pT /n larger than 1 GeV, those
from CMS and ATLAS measurements show an approx-
imate NCQ scaling of v2 at intermediate pT . With the
inclusion of the quark coalescence contributions, results
from the Hydro-Coal-Frag also show an approximate
scaling behavior between 1.4< pT /n <2.2 GeV, as ob-
served in experiments, even though contributions from
resonance decays and jet fragmentation can lead to a
slightly violation of the NCQ scaling of v2. This is in con-
trast to the results from Hydro-Frag without the quark
coalescence process, which not only underestimates the
magnitude of v2(pT )/n, but also violates the NCQ scaling
behavior at intermediate pT . Note that the deviation be-
tween the calculated v2(pT )/n curves from Hydro-Frag
and the ones from experimental measurements is at the
level of ±50%, which is sufficiently large to demonstrate
the importance of the quark coalescence contribution to
the v2(pT ) of identified hadrons and the corresponding
NCQ scaling at intermediate pT in high multiplicity p-
Pb collisions.
4. Summary. In this paper, we have carried out
the first quantitative and timely study of the NCQ
scaling of elliptic flow v2 of pions, kaons and protons at
intermediate pT in high multiplicity p-Pb collisions at√
sNN = 5.02 TeV via the coalescence of soft thermal
partons from the VISH2+1 hydrodynamics and hard
partons from the energy loss model LBT. Adding low
pT hadrons from the hydrodynamically expanding fluid
and high pT hadrons from jet fragmentation to these
intermediate pT hadrons from quark coalescence, our
Hydro-Coal-Frag hybrid model can simultaneously
describe the pT -spectra and differential elliptic flow
v2(pT ) of identified hadrons over the pT range from 0 to
6 GeV. We have also demonstrated that the inclusion of
the quark coalescence contribution to the production of
hadrons at intermediate pT is essential in reproducing
the measured v2(pT ) of these hadrons and their observed
approximate NCQ scaling at intermediate pT . Results
from the present study thus provides a strong indication
for the existence of the partonic degrees of freedom and
the possible formation of the QGP in high multiplicity
p-Pb collisions at
√
sNN = 5.02 TeV.
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